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An observation of the internal structure of the L-shell hypersatellite x rays resulting from the one-photon
decay of L−2 double-vacancy states in palladium multiply ionized by oxygen ions is reported. The Pd L3 → M4,5
x-ray spectrum was measured with a von Hamos high-resolution crystal spectrometer. The complex shape of the
observed spectrum could be interpreted in detail using relativisticmulticonﬁgurationDirac-Fock calculations. The
relative intensities of the measured x rays were found to be in good agreement with semiclassical approximation
calculations using relativistic Dirac-Hartree-Fock wave functions.
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X-ray satellites, which were discovered by Siegbahn and
Stenstro¨m [1] almost a century ago, are still of prime interest
today. They appear when additional vacancies, not directly
involved in the atomic transition and called for this reason
spectator vacancies, are present during the x-ray emission.
Due to the reduced screening of the nuclear charge and the
resulting increase of electron binding energies, satellite x
rays have slightly higher energies than the parent diagram
lines which correspond to the decay of single inner-shell
vacancies. For x-ray satellites emitted in the radiative decay
of double-vacancy states the energy shift is maximum when
the two initial vacancies are located in the same shell. Such
particular satellites were named, later on by Briand et al. [2],
the hypersatellites.
In the early days of x-ray spectroscopy (see Ref. [3]) the
x-ray hypersatellites studied were excited mainly via two-step
processes, in which the creation of the initial inner-shell
vacancy by photoionization or electron impact was followed
by an Auger transition [4]. In fact, in the ﬁrst observation
of L-shell hypersatellites [5], it was assumed [6] that the
double-L-shell vacancy formationwas due to theK-LLAuger
process. This assumption was conﬁrmed experimentally much
later by Briand et al. [7]. However, in these experiments
the internal structure of L-shell hypersatellites could not be
studied due to limitations of the experimental techniques used.
For the K shell, radiationless transitions cannot lead
to double 1s vacancy states. In this case, the creation of
the second 1s vacancy necessary for emission of K-shell
hypersatellites is due to electron shake processes. In the latter,
which were ﬁrst discussed by Migdal [8] and Feinberg [9],
because of the abrupt change in the atomic potential resulting
from the ﬁrst-step ionization, a second electron is ejected
during the relaxation of the remaining ion. Theﬁrst observation
of K-shell hypersatellites was done by Charpak [10] with
the hypersatellite-satellite coincidence technique using gas
proportional counters. Later on, a similar experiment using
the semiconductor detectors to observe the correlated x rays
was performed by Briand et al. [2]. In these experiments,
the double 1s vacancy states were produced through nuclear
K-shell electron capture followed by electron shake-off.
X-ray satellites excited by photon and electron impact are
rather weak. On the contrary, in collisions of atoms with heavy
ions, due to the stronger Coulomb ﬁeld of the projectile, a
simultaneous multiple ionization of the target atoms takes
place, resulting in rich satellite and hypersatellite structures
in the x-ray spectra. Consequently, it is important to note here
that understanding of the emission of such nondiagram x-ray
transitions is crucial for the interpretation of x-ray emission in
heavy-ion–matter collisions. As a consequence, the combined
use of heavy ions for the excitation of x-ray ﬂuorescence and
high-resolution diffraction spectroscopy for the measurements
of x-ray satellites and hypersatellites offers good experimental
conditions for studying the structure of multivacancy states in
atoms and the dynamics of the multiple-ionization process.
The observation of Kα x-ray hypersatellites excited in
ion-atom collisions was ﬁrst reported by Richard et al. [11].
Later on, high-resolution measurements of heavy-ion-induced
K hypersatellites were found to represent a sensitive tool for
studying the relativistic and quantum electrodynamics (QED)
effects in atoms [12].Aparticular aimof theseK-hypersatellite
measurements [13–15] was to investigate the dynamics of the
heavy-ion-induced multiple ionization mechanisms. More re-
cently, it has become possible to investigate the double-K-shell
photoionization process by measuring the K hypersatellite
x-ray emission of light and mid-heavy elements irradiated
with intense synchrotron radiation beams [16–18]. In double
photoionization despite of the electron shake-off process, the
electron knock-out process appears, in which the ﬁrst ionized
electron can kick out a second bound electron leading to
formation of a double-K-vacancy state.
In this article we report on the high-resolutionmeasurement
of theLα1,2 (L3 → M4,5) x-ray emission ofmetallic palladium
bombarded by fast oxygen ions. This experiment reveals the
internal structure of x-ray satellites and hypersatellites, the
latter being observed for the ﬁrst time for the L shell. From
the resolved satellite and hypersatellite x rays emitted by the
multiply ionized Pd atoms, ﬁne details of the structure of
multivacancy states in mid-Z atoms could be studied, which
is important for testing atomic structure calculations [19].
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Dirac-Fock (MCDF) calculations [20,21], including the Breit
[22,23] and QED corrections, could be probed for multiply
ionized atoms. The selection of Pd in this experiment to study
the L-shell hypersatellites was justiﬁed by its closed-shell
conﬁguration, which simpliﬁed the MCDF calculations.
It should be pointed out here that the interpretation of
measured Pd Lα1,2 x-ray hypersatellites in terms of the
MCDF calculations is important for understanding of the
electronic structure of other multiply ionized atoms. In fact,
the investigation of such exotic “quasihollow” atomic states
is important in many aspects. For instance, the electronic
structure of mid-Z highly charged ions (HCI) is of interest for
the interpretation of the extreme ultraviolet (EUV) and x-ray
radiation from the universe [24], for plasma diagnostics [25]
as well as for the study of hollow atoms formed in collisions
of slow HCI with surfaces [26], and for the development of
new schemes for EUV and x-ray lasers [27].
The measurements were performed at the variable energy
Philips cyclotron of the Paul Scherrer Institute (PSI) in
Villigen, Switzerland. The highly charged O6+ ions extracted
from a 10-GHz CAPRICE ECR ion source were accelerated
up to 278.6 MeV and then focused on a 1.8 mg/cm2 thick
metallic palladium foil. The beam intensity (∼200 nA) was
monitored by measuring the L-shell ﬂuorescence from the
target by means of a Si PIN photodiode. The energy loss of
the ions in the target was estimated to be only of the order of
2 MeV so that no correction for the variation of the ionization
probability as a function of the beam energy was needed. The
Lα1,2 x-ray ﬂuorescence from the target was measured with
a high-resolution Bragg-type von Hamos crystal spectrometer
[28] having an instrumental energy resolution of 0.6 eV for the
studied x rays. The spectrometerwas equippedwith a 100-mm-
high and 50-mm-wide quartz (1¯10) crystal cylindrically bent to
a radius of 25.4 cm. The diffracted x rays were measured with
a position-sensitive CCD (charge coupled device) detector
having a length of 28 mm and a pixel resolution of 27 μm.
The spectrometer was calibrated in energy by measuring the
Kα1,2 lines of vanadium excited with the bremsstrahlung
from a Cr-anode x-ray tube. An uncertainty of about 0.3 eV
was estimated for the absolute energy calibration of the
spectrometer. The V Kα1,2 measurement was also used to
determine the instrumental response of the spectrometer. More
details about the experimental setup can be found in [29].
In order to interpret the structures observed in the Pd
Lα1,2 satellite and hypersatellite x-ray spectrum, ab initio
relativistic MCDF calculations were performed [21]. The
diagram, satellite, hypersatellite, and hypersatellite satellite
x-ray transitions corresponding to (L−1), (L−1M−mN−n),
(L−2), and (L−2M−mN−n) initial vacancy conﬁgurations,
respectively, with m and n indicating the number of vacancies
in the M and N shells, were considered in the calculations
(see Fig. 1). Corrections for the transverse Breit interaction
[12,23] and QED corrections for the self-energy and vac-
uum polarization [19] were included. The performed MCDF
calculations showed that for the diagram Lα1,2 transitions
whose energies are 2838.8 and 2844.3 eV, respectively, the
contribution of the Breit interaction is about 6 eV, while
the QED corrections are much smaller (below 0.2 eV).
The natural Lorentzian widths of the Lα1,2 diagram lines are
2.49 eV [30]. For the comparison of the MCDF calculations
FIG. 1. Schematic illustration of the diagram, satellite, hyper-
satellite, and hypersatellite satellite x-ray transitions discussed in the
text. The vacancy conﬁgurations of the initial states are indicated in
brackets.
with the measured spectrum, the Lorentzian natural shape of
each x-ray multiplet component, corresponding to a given
multivacancy conﬁguration L−1,2M−mN−n with speciﬁed
orbital angularmomentum state (s, p, or d), was convolvedwith
the known Gaussian experimental broadening. The natural
Lorentzian widths of the transitions between multivacancy
states were determined from the empirical law of Mosse´
et al. (see Ref. [31]), using the atomic level widths reported
in [30], for example, (L−23 →L−13 M−15 ) = 3(L3) + (M5).
In order to reproduce satisfactorily the shape of the exper-
imental spectrum, all allowed E1 transitions decaying the
L−1M−mN−n and L−2M−mN−n multivacancy states had to
be considered in the MCDF calculations. The number of
calculated transitions increases dramatically with the number
of holes in the initial and ﬁnal states. For instance, the MCDF
(L−2M−mN−1) hypersatellite spectrum depicted in the lowest
panel of Fig. 2 consists of more than 600 000 transitions.
For this reason, only multivacancy conﬁgurations with m  4
and n  2 for the satellite transitions and m  3 and n  1
for the hypersatellite ones were considered. Finally, the sum
of all groups of L−1,2M−mN−n transitions was ﬁtted to the
data using an iterative least-square ﬁtting procedure with
the relative intensities of the different groups of transitions
as single free ﬁtting parameters. From the ﬁtted relative
intensities, the L-, M-, and N -shell ionization probabilities
at the moment of the x-ray emission were then determined.
The measured and calculated Pd Lα1,2 x-ray diagram,
satellite, and hypersatellite structures are compared in Fig. 2.
As shown, the x-ray yields observed between 2845 and
2900 eV are due predominantly to M satellites corresponding
to the radiative decay of multivacancy states with up to four
M-shell spectator vacancies,whereas the x-ray yields observed
above 2900 eV and below 3000 eV originate mainly from
hypersatellites and hypersatellite satellites. Between 2860
and 2900 eV, the satellite and hypersatellite structures are
overlapping. TheMCDF calculations show also that additional
spectator vacancies in the N -shell do not give rise to resolved
N satellites but result in effective increases of the widths of
the diagram, M-satellite, and hypersatellite lines. The same
holds for the L−2M−m satellites that cannot be resolved from
their parent hypersatellite lines (see Fig. 3). For the diagram
and M satellites, one and two additional spectator vacancies
in the N shell were considered. For the hypersatellites, to
keep the calculations at a numerically tractable level, vacancy












FIG. 2. (Color online) High-resolution Lα1,2 x-ray spectrum of
Pd produced by impact with 278.6-MeV oxygen ions (top panel).
The spectrum was analyzed using results of MCDF calculations [21]
performed for the (L−1) diagram lines, (L−1N−1,2) N -shell satellites,
(L−1M−mN−n) satellites, and (L−2M−mN−n) hypersatellites. The
four groups of MCDF transitions used to ﬁt the complex spectrum
are shown in the lower panels. The solid lines represent the effective
lifetime and energy resolution convoluted spectra calculated for the
ﬁtted relative intensities.
The L-, M-, and N -shell ionization probabilities derived
from the MCDF based ﬁt of the data correspond to the
moment of the Lα1,2 x-ray emission. However, in order to
compare the obtained probabilities to theoretical predictions,
ionization probabilities at the moment of the collision are
needed. The latter can be determined from the previous
ones by taking into consideration the vacancy rearrangement
processes, due to those radiative and radiationless transitions
that take place between the collision time and the time of
x-ray emission. In the vacancy rearrangement procedure [32]
used in the present study, the changes of the decay rates
of the L-, M-, and N -shell vacancies in multiply ionized
atoms as compared to those in singly ionized ones were
taken into account. In particular, the closing of the Coster-
Kronig transitions which are energetically allowed in singly
ionized atoms but become forbidden in multiply ionized ones
(Ref. [33]) was considered. As shown in [34], these changes
affect the L-shell ﬂuorescence yields. However, since the
FIG. 3. Calculated MCDF components, with ﬁtted relative inten-
sities, of the Pd Lα1,2 hypersatellites (L−2, L−2N−1, L−2M−1,2,3).
For comparison, the MCDF spectrum corresponding to the diagram
lines and M-shell satellites is also depicted in the top panel. The solid
lines represent the effective lifetime and energy resolution convoluted
spectra calculated for the ﬁtted relative intensities.
effects of the rearrangement processes and ﬂuorescence yields
on the ionization probabilities partly cancel each other out, the
ionization probabilities corresponding to the x-ray emission
time and the collision time were found to differ by less
than 15%.
According to the standard independent electron picture
of the heavy-ion-induced multiple ionization, the number of
produced vacancies is expected to evince a binomial distri-
bution with the ionization probability per electron as a single
free parameter. The dependence of the ionization probability
on the impact parameter can be obtained from semiclassical
approximation (SCA) calculations, using relativistic Dirac
hydrogenic wave functions (SCA-DH) [35] or Dirac-Hartree-
Fock (DHF) self-consistent wave functions (SCA-DHF) [36].
The ratio of the ﬁtted intensities of theL−2M−m hypersatellites
and L−1M−m diagram lines (see Fig. 2), corrected for the pre-
viously mentioned rearrangement processes and ﬂuorescence
yield changes, were compared to the results of SCA-DHF
calculations. An experimental ratio R = 0.214 ± 0.031 was
found, which agrees within 23% with the calculated value
RSCA−DHF = 0.164 obtained by integrating over the impact
parameter the theoretical L-shell ionization probabilities.
Similarly, the M-shell ionization probability obtained from











satellites (see Fig. 2) to a binomial distribution was found to be
pM = 0.062 ± 0.007, a result which agrees within 21% with
the SCA-DHF value pSCA−DHFM (0) = 0.075 calculated for an
impact parameter equal to zero. The experimental uncertainties
quoted here are dominated by the ﬁtting and systematic
(vacancy rearrangement) errors with a small contribution
of the statistical uncertainties. It is worth noting that the
corresponding SCA calculations performed with relativistic
hydrogenic wave functions give values RSCA−DH = 0.104
and pSCA−DHM (0) = 0.020 that are both smaller by a factor
of about 3. This clearly indicates the importance of using
self-consistent electronic wave functions for the description of
the L- and M-shell electrons of the target atoms. Furthermore,
the satisfactory agreement observed between the experimental
hypersatellite-to-diagram intensity ratios and M-shell ioniza-
tion probability and the corresponding SCA-DHF predictions
supports the independent electron picture assumed for the
heavy-ion-induced multiple ionization.
In conclusion, the high-resolution measurement of the
internal structure of the Lα1,2 hypersatellite of Pd excited by
impact with fast oxygen ions was reported. The complex x-ray
spectrum was interpreted with the help of extensive relativistic
MCDF calculations in which L−1,2M−mN−n multivacancy
conﬁgurations were considered. After correction for the
vacancy rearrangement processes that take place prior to the
L x-ray emission, the relative intensities of the observed x-ray
satellites and hypersatellites were found to be well predicted
by the SCA model, provided DHF electronic wave functions
are employed in the calculations. This implies that both
the electronic structure and the dynamics of the heavy-ion-
induced formation of the multivacancy states can be described
by the combined use of relativistic MCDF and SCA-DHF
calculations. Consequently, the present results are important
for the interpretation of x-ray emission in heavy-ion–matter
collisions.
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